A cytologic study of the choroid plexi of animals and humans was carried out using impression smears (imprints, imp) to understand better the cellular changes that occur in the cerebrospinal fluid in the case of disease. The samples, totaling 756 imp were from 11 dogs (239 imp), 10 horses (219 imp), 1 mule (23 imp), 3 cattle (69 imp), 1 sheep (19 imp), 2 pigs (39 imp), 1 deer (20 imp), 4 monkeys (22 imp), and 7 humans (106 imp). The samples came from individuals clinically free of neurologic disease, as well as from a few abnormal cases. Six of the 7 humans had no history of neurologic disease and had a complete necropsy with brain histopathology. The seventh human case had mild neurologic signs at the time of death and only a partial necropsy with histopathological examination of the brain, in which a few small leptomeningeal lymphocytic infiltrates and polymicrogyria were found. One of the human brains without neurologic disease had arteriosclerosis. In the 40 individuals studied, several features and some unique cell types were found, for which little or no information is available. Four different morphologic cell types were consistently found in all the species studied. The first 3 types were arbitrarily named alpha (with deeply basophilic cytoplasm), beta (with neutral to weakly acidophilic cytoplasm), and gamma or vesicle-bearing cells. The third type, gamma, was a cell bearing unique inclusions (vesicles) filled with many tiny light tan to pale pink granules. The fourth type was the Kolmer cell found in very low numbers. Immature lymphocytes were found in all of 3 newborn foals, in 1 pig, and in the only stillborn calf and deer studied. The results suggest that the choroid plexi contain more than 1 epithelial cell type and that knowledge of their morphology is far from complete because other unusual cells and structures are also present in small numbers. Imprints are excellent for studying the choroid plexi, especially for tiny changes that are too subtle to be seen in hematoxylin and eosin sections.
The first cytologic specimens of human cerebrospinal fluid (CSF) were studied for diagnostic purposes more than a century ago. 25 Subsequently, the cytologic study of the CSF has become routine procedure in human and veterinary hospitals all over the world. Because about 90% of the CSF is produced by the choroid plexi cells (ChPCs), 22 knowledge of the appearance of these cells in cytologic specimens can be useful for the identification of cells or structures found in the CSF. Considerable confusion exists, however, on the actual morphology of ChPCs in CSF specimens, for although a few publications have illustrated their incidental finding in the CSF, no proof of their identity has ever been offered. On comparing the photographs of purported ChPCs depicted in 5 different cytology publications, none of them shows the same cell type, and no proof of their identity is offered. 4, 5, 15 Also, the ASCP official publication on the cytology of body fluids does not even include a photograph. 14 Surprisingly , not a single formal cytologic study carried out with samples collected specifically from the normal choroid plexi of either animals or humans appears to be available. The anatomical location of the choroid plexi has been largely responsible for the lack of information about these unique structures because they can be studied only from specimens collected during the necropsy or by surgical biopsy. Nearly all information on the morphology of the ChPCs has been obtained by light microscopy of histologic sections of formalin-fixed tissue stained mostly with hematoxylin and eosin (HE) or, less frequently, by electron microscopy. 8 Nevertheless, knowledge of the morphology of the ChPCs is still incomplete because the many advantages of airdried impression smears (imprints, imp) have been totally ignored. Unlike histologic sections, imprints permit the study of thousands of whole cells as they lie flat on the slide, even though some anatomical references may be lost. A unique structure was recently discovered within ChPCs by means of cytologic techniques. 7 Currently, the choroid plexi are considered as ependymal fronds composed of a single type of cuboidal epithelial cells, 22 similar in morphology but different antigenically from the rest of the ependymal cells. 19 Scattered over the CSF-bathed ventricular surface of the epithelial cells, the choroid plexi also contain a unique macrophage, the epiplexus or Kolmer cell, first described in amphibians by Kolmer in 1921 and found years later also in mammals. 2 The epiplexus cells (which are greatly outnumbered by the epithelial cells) have also been extensively studied by means of transmission and scanning electron microscopy. [16] [17] [18] This study describes and illustrates the cytologic anatomy of the choroid plexi of some animals and humans, from the cytopathologist's point of view, and defines at least 4 morphologically distinct cell types, and some morphologic features, for which no previous reports appear to be available.
Material and methods
The samples were impression smears from the choroid plexi, prepared soon after death from 33 animals and 7 human beings. Eight animal species were represented, of which there were 11 dogs (239 imp), both male and female, aged from 3 to 10 yr; 10 horses (219 imp), of which 7 were adults (males and females) and 3 were newborn males (1 with lethal white foal syndrome [LWFS]); one 3-day-old mule filly (23 imp); 3 female bovines (2 adults, 1 stillborn) (69 imp); one 10-mo-old male sheep (19 imp); 2 pigs (male and female, 3 wk old) (39 imp); one 1-yr-old male whitetailed deer (Odocoileus virginianus) (20 imp); and 3 female cynomolgus monkeys (Macaca fascicularis) (13 imp) (16-19 yr old, 1 spayed) and one 36-yr-old stump-tailed macaque (M. arctoides) (intact female) (9 imp). All the macaques had multiple endocrine tumors. Also, all except one of the animals (a newborn foal with aganglionic megacolon or LWFS) were either free of neurologic signs or documented central neurologic disease.
Samples were derived from domestic and free-living animals that were necropsied routinely for diagnostic purposes or for unrelated research at this institution. The samples from monkeys were donated by another institution and came from animals that died spontaneously or were euthanatized because they were terminally ill. Most of the animal samples were collected between 30 min and 12 hr after death.
The 7 human samples (106 imp) were supplied by a consortium of brain banks a and came from Caucasian individuals who died suddenly and were volunteer organ donors. Their ages ranged from 14 to 78 yr; 6 were men, and 1 was a 63-yr-old woman. These samples were collected between 17 and 24 hr after death. Six of the 7 human beings were free of neurologic disease, certified both clinically and by a complete necropsy with brain histopathology, performed by the consortium of brain banks. The seventh human case had mild neurologic signs at the time of death and had only a partial necropsy with brain histopathology, in which a few small leptomeningeal lymphocytic infiltrates and anomalous polymicrogyria were identified. Also, one of the brains free of neurologic disease (from a 78-yr-old man) had diffuse arteriosclerosis but no neurologic signs.
Most samples for this study were collected from the third ventricle and 1 from the fourth. Except for 2 monkeys that were perfused with lactated Ringer's, none of the brains received any foreign solution. To avoid contamination with other tissues, clean sets of scissors and forceps were used to remove each piece of the choroid plexi. To remove the excess of CSF and blood, the pieces were touched gently with a tissue paper before imprinting. All the smears were air dried and stained with Wright-Giemsa. After drying, the imprints of monkeys and humans were additionally fixed by immersion for 10 min in absolute methyl alcohol. When needed, Hall stain for bile and cytokeratin (pancytokeratin) stains were also used over the same smears previously stained with Wright-Giemsa. Some of the fields previously photographed on Wright-Giemsa-stained smears were relocated after the special stains and photographed again. Fresh air-dried imprints were fixed in a mixture of acetone and methanol and stained for broad-spectrum (AE1/AE3) pancytokeratin. Also, HE-stained sections were used for comparison purposes as well as to determine whether or not the choroid plexi were normal.
Results

Normal choroid plexi
Four different morphologic types of cells were consistently found in all species studied: a highly basophilic epithelial cell type (hereafter arbitrarily called alpha), a cell with neutral to weakly acidophilic cytoplasm (hereafter called beta), a cell type with unique cytoplasmic inclusions (hereafter called gamma), and Kolmer cells or epiplexus macrophages. Except for the last type, none of these types could consistently be differentially identified beyond any doubt on HEstained sections ( Fig. 1 ). A few immature lymphoid cells were seen in all the normal foals, in 1 piglet, and in the only stillborn calf and deer studied. The specific findings are described below.
Alpha cells. This type was the commonest in dogs and horses and consisted of round to polyhedral cells (Figs. 2, 3) measuring approximately 15-20 m and arranged in rafts, fronds, or cords. The cytoplasm had countless highly basophilic granules. In cattle these granules were coarser and frequently elongated, making the cytoplasm appear as though it contained linear streaks. Only tiny vacuoles were seen occasionally in this cell type, although the cytoplasm of some cells had several linear fissures, likely induced during the drying of the imprint. The nuclei were the size of erythrocytes or barely larger (about 7 m), round, and highly regular. Nucleoli were not apparent in these The differences between alpha cells (with very dark blue cytoplasm and densely stained nuclei) and beta cells (with paler nuclei with a cribriform chromattin distribution) are now evident. Two gamma cells with intracellular vesicles are seen (arrows). Wright-Giemsa stain. 540ϫ. cells. Some areas of the smears had more of these cells than others, but overall this type seemed to predominate, accounting for approximately 50-75% of all the ChPCs in some species (Table 1) . No significant mor-phologic differences were noted among the species studied for this cell type in individuals free of neurologic disease. Alpha cells were intensely positive for pancytokeratin ( Fig. 5 ).
Beta cells. This cell type was slightly larger than the alpha type, ranging from 17 to 25 m, with a pale gray or sometimes weak cytoplasmic acidophilia (Figs. 2, 3). The beta cells predominated in humans and pigs. In ruminants, deer, and monkeys, neither type predominated. The beta cells were seen in between or around the basophilic or alpha cells, but no particular predilection for a location within the rafts was noticed, and, like the alpha cells, the distribution of beta cells was not uniform. Whole rafts composed only of beta cells were sometimes seen. The cytoplasm had a discretely rough look and sometimes contained a few tiny roundish vacuoles of about 1m in diameter. The nuclei of beta cells appeared to be slightly larger (10-14 m), paler, and with a finer chromatin pattern than those of the alpha cells. Nucleoli were mostly single, rarely double, small, light gray, and visible in most of the cells. Beta cells were positive for pancytokeratin, but they were less intensely positive than alpha cells ( Fig.  5 ).
Gamma cells. This cell type had unique membranebound cytoplasmic vesicles or inclusions, referred to as ''plugs'' when they were first described. 7 The vesicles were round to oval, smooth, and 3-30 m in most species studied (except for horses, where some as large as 40 m were found) (Figs. 4, 5), and although most of them measured Ͻ10 m, they were nevertheless seen easily with the 10ϫ objective. The largest vesi-cles distorted the cell markedly. In some cases the inclusions seemed to be partly outside the cells, perhaps in the process of being expelled. Extracellular vesicles were common and were found most frequently in close association with the cells or wedged between 2 cells (Figs. 2, 3, 5, 9) . Regardless of the species, only 1 vesicle was found per cell.
The vesicles had countless tiny light tan to pale pink granules (Ͻ1 m), which were uniform in size and shape. Some vesicles seemed sharply outlined, and their contents were distributed uniformly through the vesicle. In others, the granular content was mostly in the center, and the rest of the vesicle appeared empty. In many cases a concentric laminar arrangement could be seen. Isolated vesicles were common, and some had fissures near the periphery. All the vesicles were entirely negative for Hall stain for bile and mostly negative for pancytokeratin, except for a few thin lines inside the vesicle (Fig. 5 ). The gamma cells were not distributed uniformly on the smears, and some areas of the smears contained more of them than others.
Routine histologic sections confirmed the occurrence and location of the vesicles, particularly when viewed with an oil-immersion objective. This was, however, a tedious process for not all vesicles could be consistently identified unless they were large enough, were exactly in the plane of the section, and had a full content of granules. Overall, this cell type accounted for approximately 1-3% of all ChPCs in dogs, 0.1% in cattle, 1% in horses, 0.1% in monkeys, and Ͻ1% in humans. Also, cells with vesicles were present in all the newborns free of central neurologic disease as well as in the only stillborn studied. The vesicles were not seen in the foal with LWFS. In mon-Cytology of the Choroid Plexi keys, samples from the fourth ventricle had many more vesicles than samples from the third ventricle. In humans the vesicles were still present up to 24 hours after death.
Epiplexus macrophages (Kolmer cells). These cells were found mostly superimposed or in between the alpha and beta cells and were conspicuous because of their pale cytoplasm (Figs. 6, 15 ), which contrasted against the dark blue background of alpha cells. The epiplexus cells accounted for Ͻ1% of the cells seen. They were about 13-20 m; the nuclei were mostly round, oval, or bilobulated; and the cytoplasm frequently had tiny vacuoles. Compared with the other cell types, an irregular distribution of these cells was noticed because some rafts had 2 or 3 of these cells, whereas many rafts over extensive areas of the smears did not have any. Epiplexus cells were found in all species studied, including newborns, and even in the stillborn studied.
Other cell types. A cell with bright pink to fuchsia cytoplasmic granules was found in very low numbers in all the canine samples, in 6 of the 10 horses, and in both pigs, but it was seen rarely in the cows, in 1 monkey, and in 1 human sample. These cells were mostly single or in small papillae-like fronds, which made them easy to detect with the 10ϫ lens. The cells were 14-20 m and had a variable amount of granules or lines, and in some cases only a few were found (Figs. 7-10). Rarely, rosettes were seen ( Fig. 9 ). A few of these cells were seen sometimes within rafts of alpha and beta cells, displaying an obvious continuity with the neighboring cells, ruling out the possibility of being superimposed. In all cases the nuclear to cytoplasmic ratio (N-C) was slightly low because the nuclei occupied slightly less than 50% of the cells' area. The granules were round or rod or boomerang shaped. In 7 animals (2 dogs, 5 horses) a few unique cells with a variable number of coarse greenish intracytoplasmic bile crystals were seen. In some of these cases the cells could be identified as epiplexus cells, whereas in others they appeared to be epithelial ChPCs (Figs. 11, 12 ). In some of these cells the cytoplasm was totally emerald green. The specimens that were positive for these Fig. 11 , after being stained with Hall stain for bile. The crystals were proven to be bile and stained pale green. 1,080ϫ. cells, however, had only 2 or 3 of these cells. Hall stain showed these greenish crystals to be bile (Fig.  12) .
Immature lymphocytes. Small numbers of immature lymphocytes were seen both in single and in small clusters in all the normal foals studied and in the only stillborn calf, piglet, and deer studied. A few cholesterol crystals were present even at birth in foals. Fragments of capillaries were seen sometimes in all specimens.
Abnormal cytological findings
Nonneurologic disease. In animals with liver disease the mildest change in ChPCs was the presence of tiny, round, translucent, polarizing light-negative, emerald green crystals in between the cells, in a manner reminiscent of the way bile crystals accumulate in bile cannaliculi. These crystals were proven to be bile on Hall stain (Figs. 13, 14) . Bile crystals were also seen in the cytoplasm of the ChPCs of a man who died of a heart attack and in one monkey with multiple endocrine tumors. In the latter, however, several other changes were seen. There was a marked variation in cell size, with cells as small as 10m, which could nevertheless be differentiated from lymphocytes by their many basophilic cytoplasmic dots. There was a marked tendency for the cells to dissociate and become more roundish. The N-C ratio tended to be lower (smaller nuclei), and multinucleation was common ( Figs. 15, 16 ).
Both alpha and beta cells had many round to prismatic, colorless, polarizing light-negative crystals of variable size. These crystals could not be identified. In some cells, however, several punctate greenish bile crystals were seen. Some Figures 13-16 . Cytologic abnormalities in the choroid plexi. Figure 13 . Choroid plexi cells from a horse that died of a ruptured intestine. Most of the cells shown are beta type. A few tiny greenish bile crystals are present in the cells (arrows). Wright-Giemsa stain. 540ϫ. Figure 14 . The same cells as those shown in Fig. 13 , after being stained for bile. The crystals (arrows) were proven to be bile. The same crystals indicated by an arrow in Fig. 13 are shown by an arrow in this figure at higher magnification. Hall stain. 1,080ϫ. cells had more than 1 crystal molding to each other. Free cytoplasmic fragments bearing crystals were common. In addition, the cytoplasm of some cells had several minute vacuoles some of which molded to each other in a fashion reminiscent of a coaxial cable in transversal section.
Neurologic disease. In the only neurologic human patient studied (with liver disease, elevated liver enzymes, high total bilirubin, and high conjugated [direct] bilirubin), several tiny greenish bile crystals were found inside cells, distending the cytoplasm into big vacuoles. Also, the cells had more variation in size and tended to be more roundish. In addition, fewer vesicles were found. The sample from the foal with LWFS was negative for gamma cells, free vesicles, and epiplexus macrophages.
Discussion
The fact that for the past 100 years diagnostic specimens of CSF have been interpreted without the benefit Figure 15 . Choroid plexi cells from a stump-tailed macaque (M. arctoides) with multiple endocrine tumors whose brain was not perfused after death. The cells have become rounder, smaller, and dissociated. Some cells are barely larger than lymphocytes. Cytoplasmic vacuolization is prominent. Most beta cells remained together. One Kolmer cell is also seen (arrow). Wright-Giemsa stain. 540ϫ. of a single cytologic study of the normal choroid plexi as a control is surprising because knowledge of the normal appearance of the local cells (from any organ or site) before attempting to evaluate the abnormal has been a time-honored requisite in all branches of pa-thology. Except for 1 study, 7 none of the findings in the present study appear to have been previously described in cytologic specimens of choroid plexi. Although the value of HE-stained sections in diagnosis is undeniable, for cytopathologists, knowledge of the cytology of the normal choroid plexi is useful for a better understanding of the changes found in cytological specimens of CSF. Imprints appear to be superior to HE sections for the morphologic study of the choroid plexi because they render better cytologic detail. When cells lay flat on a smear, the diameter of all spheroidal structures, such as the nuclei, vacuoles, or free vesicles, is increased, and minute cytoplasmic features become more visible.
For cytochemical techniques, imprints are also excellent because they permit a far more accurate detection of areas of positivity within the cells. The technique made popular by hematologists 10 of photographing leukemic cells stained with Romanowsky stains, followed by restaining by cytochemical methods and location of the same cells using microscopic coordinates, is now done routinely in most hospitals. Pathologists are familiar with the fact that structures like Doehle bodies, toxic granules, and nuclear hypersegmentation in neutrophils, as well as granules of large granular lymphocytes (among others), are very easily detected in smears but are nearly impossible to detect with certainty by routine histologic sections because the cells are not flattened and only a section of each cell is examined.
Whether the 2 main morphologic cell types found are truly 2 functionally different cell types or a single type with mature (i.e., alpha) and immature (i.e., beta) cells was not determined in this study. Both alpha and beta cells have a strong endocrine appearance and somewhat resemble the types found in the anterior pituitary gland, which contains basophilic cells (thyrotrophs and gonadotrophs) and ''acidophil'' cells (somatotrophs and mammotrophs). 24 This supports the currently held concept that in addition to producing CSF, the ChPCs have an endocrine function because they produce an insulin-like growth factor II 19 and calcyphosine. 9 Also, the ChPCs produce several active substances, among which are the transport protein transthyretin, 23 a ganglioside GD3, 12 a prostaglandin-D synthase (''beta-trace protein''), 11 and a retinaldehyde dehydrogenase. 26 Recently, synaptophysin has been found to be present in both normal and neoplastic ChPCs. 13 The production of a variety of active substances requires the existence of different cell types, each one committed to the production of a single substance, especially when high-molecular weight substances are being produced.
On the other hand, the beta cells might simply be immature cells that have not attained a full content of cytoplasmic organelles. This is supported by the fact that their nuclei are slightly larger and paler (a possible hint of immaturity) than those of alpha cells. If this mature versus immature concept were true, however, it would also imply that (to have so many immature cells) the normal turnover for the ChPCs would need to be quite fast and the number of cells destroyed would have to be proportional to the number of newly born cells. This would mean that immature cells, mature cells, and cells that had just died would be continuously present, yet no ChPCs with karyorrhectic nuclei (dead) were found in this study. In addition, if a fast cell turnover existed, then whole dead cells and cellular debris (at least from the CSF-bathed side) of the choroid plexi would be a normal and common finding in the CSF, yet none of these is found (either free or within macrophages) in the normal CSF.
The significance of the membrane-bound inclusions or vesicles of gamma cells is puzzling because their function and composition are unknown. When they are within the cell, perhaps the term inclusions could be used. These structures, however, appear to be expelled by the cells and have been found free (and frequently intact) in the CSF of dogs with neurologic disease. 7 The results of the present study show that these structures are also extracellular and that at least some membrane-bound inclusions or vesicles are adhered to the CSF-bathed side of the choroid plexi, like the secretion from goblet cells. None of the species studied failed to contain the inclusions. The vesicles could represent excretory packets with a hitherto unknown function. The significance of the epiplexus cells has already been well documented. 16, 17 The origin of the cells with fuchsia granules was not determined in this study. The morphology of some of these granular cells somewhat resembles the morphology of what one author has reported as intervertebral chondrocytes contaminating the CSF during the collection of the sample. 3 Although the possibility of contamination with cartilage cells was strongly considered, these cells were consistently present despite special efforts to avoid contamination. The possibility of cartilagenous metaplasia within the choroid plexi is even more remote because only a handful of reports on chondroid metaplasia of the choroid plexi are available, and they are always associated with neoplasms, such as papillomas, 27 or myxochondrosarcomas of the stroma of the choroid plexus. 21 Calcification of the choroid plexus is known to occur more commonly. 1 However, the fact that some of the granular cells in this study were found in rosettes or acini (typically an epithelial arrangement) rules out cartilagenous metaplasia. These cells might represent the granular large mononuclear cells found sometimes in the CSF (personal observation). Red granules are also known to appear occasionally in the cytoplasm of mesothelial cells of the abdominal fluid, and cases in horses have been documented. 6 More studies are necessary to accurately establish the relative frequency of the various cell types found in animals and humans. Also, a topographical cytological study on the choroid plexi would be useful to pinpoint the precise spatial location of these cells within the choroid plexi, as well as to determine whether all the ventricles share the same cytological composition. It is possible that in the case of disease the different cell types might undergo separate changes that might have diagnostic value. Knowledge of the cytology of the choroid plexi will not only enable better interpretation of CSF specimens but might also prove helpful to investigate the pathogenesis of experimental infections such as that of Listeria monocytogenes, which has a tendency to invade the choroid plexi. 20 tissues for this study were provided by the University of Miami Brain and Tissue Bank and the University of Maryland Brain and Tissue Banks through NICHD contract N01-HD-8-3284. The help of Dr. Carol Petito, Ms. Inna Logvinsky, and Dr. Phillip Schwartz from the Consortium of Brain Banks of the University of Miami, Florida, Children's Hospital of Orange County, California, and the University of Maryland is duly appreciated.
